In this work we have performed a systematic study of blends of [6,6]-phenyl C61 butyric acid methyl ester (PCBM) with the following amorphous and semi-crystalline polymers: atactic polystyrene (PS), syndiotactic polystyrene (syn-PS), poly(2-vinyl-naphthalene) (P2VN), poly(9-vinyl-phenanthrene) (P9VPh), poly(vinylidene-fluoride) (PVdF) and poly(3-hexyl-thiophene) (P3HT). Experimental measurements using DSC, x-ray and neutron scattering coupled with molecular modeling (MD and DFT) have been utilized to determine the solubility and phase morphology of these model polymer-fullerene blends.
Introduction
Organic or polymer based photovoltaic devices promise solar technologies that are inexpensive enough to be widely exploited, and therefore provide a significant fraction of the future energy needs [1] . There are many promising polymer-fullerene mixtures that are materials candidates for achieving high performance devices, but their exploitation requires an improved understanding of their structure-property relationships. Of particular relevance ultimately to device performance is the molecular structure as well as mesoscale phase behaviour.
In the present work, we have studied polymer-fullerene blend systems to understand from a fundamental level their structure-property relationships, using a combination of detailed materials characterization together with molecular modeling. The immediate motivation for working with fullerenes comes from the fields of organic electronics such as photovoltaics [2, 3] , photodetectors [4] , and future applications in quantum information processing [5] , where fullerene-polymer blends play a critical role in the properties of the devices. However, the results of this work have far wider implications in both the fundamental understanding of generic polymer-nanoparticle interactions as well as in other technological applications, such as water purification where the fullerene acts as a catalyst for oxygen excitation [6] .
In order to guide the use of electron acceptor fullerenes in these systems, we use multi-scale molecular modeling coupled with differential scanning calorimetry (DSC) and neutron and x-ray scattering to determine the phase behavior of model polymer-fullerene mixtures. Neutron scattering is particularly useful for these types of studies since the fullerenes generally have a high neutron scattering contrast compared to most polymers. The understanding of these systems is enhanced through the study of several different polymer matrices with varied morphology and chemistry.
In these and other applications where fullerenes are blended with homo-or copolymers, it is necessary to be able to control the interaction between the polymeric matrix and the fullerene molecules to optimize device performance. However, the solubility of fullerenes with polymers is still very poorly understood, motivating fundamental studies such as those contained in this research. Specifically in this work, we study polymer-fullerene interactions in blends with PCBM ( [6, 6] -phenyl C61 butyric acid methyl ester), which is widely used in organic electronics as an electron acceptor.
Experimental
Atactic polystyrene (PS), syndiotactic polystyrene (syn-PS), poly(2-vinyl-naphthalene) (P2VN) and poly(9-vinyl-phenanthrene) (P9VPh) were all purchased from Polymer Source Inc. Poly(vinylidene-fluoride) (PVdF) was purchased from Sigma-Aldrich. Poly(3-hexylthiophene) (P3HT) and PCBM were purchased from American Dye Source. All materials were used as received from the manufacturers. Blends of the polymers with PCBM were all made by initially dissolving and sonicating the materials separately in toluene at concentrations below the solubility limit for each material system, with the exception of the PCBM-PVdF blends which were made by dissolving and stirring separately in hot DMF. After dissolution, the pure component solutions were mixed to obtain the required polymer:fullerene ratios. After sonicating the mixed solution, the blend was precipitated in rapidly stirred cold methanol and vacuum filtered. The resulting solids were dried in vacuum at room temperature and retained there until required for subsequent measurements.
DSC measurements on all materials were obtained using a TA Q200 DSC with a heating/cooling rate of 10 K/min. Wide-angle x-ray measurements were made using a Rigaku Micro Max 002 X-ray generator and R-axis IV++ detector system. Small angle neutron scattering (SANS) measurements were made at the NG7 SANS instrument at the NIST Center for Neutron Research reactor. Samples were annealed at the desired temperatures and cooled to room temperature prior to the measurements. Complementary molecular dynamic (MD) simulations using Materials Studio (Accelrys) software were used to generate equilibrium structures for subsequent energy minimization and calculation of binding energies using density functional theory (DFT).
Results and Discussion
Measurements were made on blends of PCBM with amorphous polymers (PS, P2VN and P9VPh) as well as semi-crystalline polymers (PVdF, syn-PS and P3HT). DSC data were used to determine the solubility limit of PCBM in each polymer through observation of PCBM melting events. PCBM has two characteristic melt peaks at 265 and 285ºC, the latter being the most intense. Using blends prepared as a function of PCBM concentration for each polymer, determination of the concentration associated with the loss of the PCBM melt peak indicated the limit of solubility with that polymer. In all cases, it was shown that the solubility of PCBM with these polymers was an order of magnitude higher than with the unmodified C60 [7] . These results suggested that the ligand on the fullerene served to compatibilize these PCBM/polymer systems; however, its exact role was not clear from these studies.
Polymer Composite Materials: From Macro, Micro to Nanoscale
In the homologous polymer series of vinyl polymers PS, P2VN and P9VPh, with an increasing number of phenyl side groups, the solubility of PCBM increased with increasing phenyl side groups. Whereas the solubility with C 60 (as shown previously) with these vinyl polymers was limited to 1-12 wt.%, the solubility of PCBM was dramatically increased to ~15-70 wt.% PCBM for PS to P9VPh. Interestingly, there was little difference in solubility between amorphous PS and its semi-crystalline analogue, syn-PS, suggesting that interfacial interactions had a greater influence on the phase behavior than the polymer morphology. Solubility of PCBM with the semi-crystalline P3HT at ~70 wt.% PCBM was consistent with results published by other groups [8, 9] . The solubility limit of PCBM in PVdF was ~20wt.% ,notably large given there was no possibility of π-π bonding of the polymer with the fullerene.
Molecular modeling of the vinyl polymers (see for example Figure 1 ) with the PCBM showed that there was little planar π-π or T-junction interactions of the phenylic side groups with the fullerenes, but the ligand on the PCBM interacted favorably with the side groups of the polymer chain. The models therefore indicate that the large solubility limit with P3HT is associated with significant π-π bonding coupled with significant interactions between the P3HT hexyl side chain and the PCBM ligand.
SANS measurements of a representative blend of 70:30 wt.% P3HT:PCBM blends (see Figure 2) showed two characteristic peaks at momentum transfers of Q = 0.05 and 0.37 Å -1 after annealing at 200ºC. These peaks resulted from structures with sizes of 120Å and 17Å, respectively. This smaller dimension was associated with the PCBM, whilst the large dimension was likely representative of the average phase domain sizes of P3HT and PCBM rich regions or between crystalline-amorphous regions within the P3HT. However, further measurements are required to distinguish between these possibilities. With increasing temperature, the peak at Q = 0.05 Å -1 at 200 ºC moved to lower Q values, equivalent to an increase of 50 Å at 290 ºC. This change likely indicated PCBM domain coarsening with annealing, but further study with a complementary characterization method would confirm this suggestion.
Conclusions
This paper presents initial results from a combined experimental and computational modeling study of polymer-fullerene mixtures. Whilst these studies are on-going, we have begun to reveal the molecular origin of polymer-fullerene interactions and the nature of the phase behavior of these complex blends. The results of these experiments will therefore allow us to determine how the ligands affect the interactions with the polymers and thereby potential control solubility. Ultimately, this knowledge will lead to improved device performance through an increased understanding of structure-property relationships in materials relevant to organic electronics as well as polymer nanocomposite generally.
